Abstract. Understanding the transport path of the solar activity proxy 10 Be from source to archive is crucial for the interpretation of its observed variability. The extent of mixing of the strong production signal has been quantified in a previous study (Heikkilä et al., 2009) . In this study we perform sensitivity studies to investigate the influence of model resolution on the degree of mixing and transport path of 10 Be in the atmosphere using the ECHAM5-HAM aerosol-climate model. This study permits us to choose an acceptable resolution, and so minimum CPU time, to produce reconstructions as physically accurate as possible. Five model resolutions are applied: T21L19: a coarse horizontal and vertical resolution with model top at ca. 30 km, T42L31: an average horizontal and fine vertical one, T42L39: similar vertical resolution than L19 but including the middle atmosphere up to ca. 80 km, T63L31: a fine horizontal and vertical resolution and T63L47: a fine resolution horizontally and vertically with middle atmosphere. Comparison with observations suggests that a finer horizontal and vertical resolution might be beneficial, producing a reduced meridional gradient, although the spread between observations was much larger than between the five model runs. In terms of atmospheric mixing the differences became more distinguishable. All resolutions agreed that the main driver of deposition variability, observed in natural archives, is the input of stratospheric 10 Be (total contribution 68 %) which is transported into the troposphere at latitudes 30-50 • . In the troposphere the model resolutions deviated largely in the dispersion of the stratospheric component over latitude. The finest resolution (T63L47) predicted the least dispersion towards low latitudes but the most towards the poles, whereas the coarsest resolution (T21L19) suggested the opposite. The tropospheric components of 10 Be differed less between the five model runs. The largest differences were found in the polar tropospheric components, which contribute the least to total production (≈ 4 %). We conclude that the use of the T42 horizontal resolution seems to be sufficient in terms of atmospheric mixing of a stratospheric tracer because no substantial improvement was seen when the resolution was increased from T42 to T63. The use of the middle atmospheric configuration is a trade-off between correctly describing stratospheric dynamics and having to reduce vertical resolution. The use of a high vertical resolution seemed more beneficial than the middle atmospheric configuration in this study. The differences found between the T42L31 and T63L31 resolutions were so small that T42L31 is a good choice because of its computational efficiency.
Introduction
Cosmogenic radionuclides, such as 10 Be (half-life 1.4 million years) and 7 Be (half-life 53.2 days), are commonly used proxies for past cosmic ray intensity and solar activity. They are produced in the atmosphere by primary and secondary particles of cosmic rays (protons and neutrons) interacting with atmospheric nitrogen and oxygen atoms. The intensity of cosmic rays in the atmosphere is modulated by solar and geomagnetic activity and hence observed variations of cosmogenic radionuclide concentrations in natural archives, such as ice cores, can be used to reconstruct cosmic ray intensity in the past. After production, 10 Be and 7 Be atoms attach to ambient aerosol, mainly sulfate, and are transported through the atmosphere and deposited to natural archives with them.
Modelling the atmospheric transport of beryllium isotopes is a difficult task. Their main source in the stratosphere (e.g. Lal and Peters, 1967) and long residence time in the atmosphere (approx. 1 yr e.g. Pedro et al., 2011) require the use of a global model or at least one including one hemisphere. Comparison with observations has shown that they are much more sensitive to uncertainties in scavenging and atmospheric transport than short-lived tracers emitted from Earth's surface (Brost et al., 1996; Koch et al., 2006; Liu et al., 2001 ). Optimally a model version including the middle atmosphere would be used, describing full stratospheric dynamics and allowing for a better representation of the Brewer-Dobson circulation and hence tracer transport. These factors add to the cost of model simulations and prohibit the use of a high resolution. Yet the observations, mostly surface air concentrations or deposition fluxes, are strongly influenced by small scale atmospheric processes, such as precipitation rate or intrusions of stratospheric air into the troposphere. Regional or particle dispersion models can be employed for investigating individual processes but their contribution to total transport, including large scale, and deposition is hard to estimate because the background is not known. Finally the limited temporal and spatial coverage of observations complicates a full validation of model results.
Thankfully the temporal resolution of observations, such as ice cores, is relatively coarse which averages out much of the small scale variability. Due to the stratospheric origin of 10 Be an important driver for long term variability is large scale transport, mainly the location of stratospheretroposphere exchange. The important issue in correctly associating the observed 10 Be variations to solar activity is to understand the level of mixing of 10 Be in the atmosphere. As the solar and geomagnetic modulation of the 10 Be production rate varies largely in amplitude with altitude and latitude it is crucial to understand which source region 10 Be in natural archives represents.
One previous study has addressed the atmospheric mixing, quantifying the fractions of 10 Be produced in a given part of the atmosphere and where it is deposited (Heikkilä et al., 2009 ). These results were based on one model realisation only. The aim of the present study is to investigate how reproducible the results are using another model version and a different computer environment, as well as the influence of model resolution. Ideally another aerosol-climate model would be employed for a similar study to address the model dependency as well. We apply model resolutions varying from a very coarse to a fine one. Also the influence of including the entire stratosphere into the model (middleatmosphere configuration) is investigated.
The impact of model resolution on middle atmosphere dynamics and stratosphere-troposphere exchange, as well as climate in general, has previously been investigated by e.g. Gray (2003) ; Hack et al. (2006) ; Richter et al. (2008) ; van Velthoven and Kelder (1996) , and in the ECHAM4/5 model specifically by Aghedo et al. (2010) ; Land et al. (2002) ; Roeckner et al. (2006) . These studies used idealised passive tracers in combination with the ECHAM atmospheric model only. They agree that, in general, increasing vertical resolution decreases the strength of stratosphere-troposphere exchange and increases residence time of stratospheric particles. In addition, Aghedo et al. (2010) shows that increased vertical transport at a coarse resolution leads to a decreased meridional transport of surface tracers. Roeckner et al. (2006) performed a careful validation of sensitivity of model climate to resolution against the ERA-40 reanalysis. They show that the error generally reduces when resolution is increased. However, both horizontal and vertical resolution have to be chosen consistently. Correct representation of the stratosphere-troposphere exchange is of essential importance in order to quantify the distribution between the source and the sink regions of beryllium isotopes and associate variability observed in a natural archive to atmospheric production variability and hence solar activity.
Method
The model employed for this study is the ECHAM5 general circulation model of the atmosphere (Roeckner et al., 2003) coupled with the aerosol module HAM (Stier et al., 2005) . The HAM module describes the emission, physics, chemistry and deposition of aerosol. The beryllium isotopes ( 10 Be and 7 Be) have been implemented into the model including their production rate following Masarik and Beer (2009) interpolated to the monthly varying solar activity parameter , transport and deposition and, in the case of 7 Be, its radioactive decay. Details of the implementation of all these processes are given in Heikkilä et al. (2008b) . The model was forced with observed sea-surface temperatures and seaice cover (AMIP2). The model experiments were run for 10 years (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) . The first five years were required to let 10 Be reach equilibrium and discarded. The following five years (1998) (1999) (2000) (2001) (2002) were used for the analysis.
The model resolution used in previous beryllium modelling studies using the ECHAM5-HAM has been a compromise between a high-enough resolution and a reasonable runtime. ECHAM is often run as a climate or an aerosol model at a higher horizontal resolution (T63 or T106) with a relatively limited number of vertical levels (19 or 31) (e.g. Hagemann et al., 2006; Stier et al., 2005) . This is a suitable approach when modelling climate or short lived particles emitted from the surface which rarely make it to the stratosphere. Therefore, first modelling studies of beryllium isotopes were conducted using 31 vertical levels and the model top at ca. 30 km (T42L31, Heikkilä et al., 2008b) . Later it was reasoned that allowing for a better representation of stratospheric dynamics would improve the beryllium transport in the model (T42L39, model top at 80 km Heikkilä et al., 2009 ). This, however, happened at the cost of the vertical resolution at lower levels because the total number of levels increased only marginally. Equator) with 19 vertical levels up to ca. 30 km). We wanted to test the influence of a coarse horizontal resolution on the horizontal diffusion of atmospheric particles. (2) An average horizontal and high vertical resolution typically used for 10 Be studies (T42L31, ca. 313 km horizontally with 31 vertical levels up to ca. 30 km), (3) An average horizontal and coarse vertical one but including the whole stratosphere (T42L39, 313 km horizontally with 39 levels up to ca. 80 km. This vertical resolution is similar to L19 up to 30 km), (4) A fine horizontal and vertical resolution (T63L31, 209 km horizontally and 31 vertical levels up to ca. 30 km) and (5) A fine resolution, including the whole stratosphere (T63L47, 209 km horizontally with 47 vertical levels up to 80 km). Correspondingly, this resolution is comparable with the L31 at lower levels. T63L47 was pushing towards the limit of computational cost of our simulations prohibiting its use for long experiments. The model coastline, as described by the various horizontal resolutions, is shown in Fig. 1 . A summary of the resolutions used is given in Table 1 .
In order to study the transport path of beryllium atoms from their source in the stratosphere until their deposition the production rates were divided into 30-degree latitude bands in the stratosphere and the troposphere, following Heikkilä et al. (2009) . The sum of all these atmospheric compartments gave the total production. The model defined tropopause was used as the vertical limiter between the stratosphere and the troposphere. Hence we ended up with 6 compartments in both the troposphere and the stratosphere (60-90 • S, 30-60 • S, 0-30 • S, 0-30 • N, 30-60 • N and 60-90 • N). 10 Be produced in each of these compartments was defined as a separate tracer, allowing for a quantification of where 10 Be, produced in a given atmospheric region, was deposited. Air concentrations also show the transport from source at each model level, not only at sink such as deposition flux. Please note that all particles were simulated as individual atoms in the model and the fluxes shown throughout the manuscript show the number of atoms per meter squared and time unit, and are directly comparable with atoms measured in natural archives.
In order to validate the transport of atmospheric particles by the model the additional tracer 210 Pb was implemented into the model. 210 Pb is often measured in the same samples as 7 Be and a reasonably large number of observations exist. 210 Pb is a decay product of 222 Rn which is emitted from porous soil containing uranium. 222 Rn (half-life 3.8 days) rapidly decays into 210 Pb which thus has its source in the lower troposphere over continents. Because the actual emission distribution of 222 Rn is complex and not well known we adapt a simplified emission scheme of 1 atom cm −2 s −1 over continents, reduced to 0.33 atom cm −2 s −1 under freezing conditions or on ice covered surfaces. This simplified emission scheme has successfully been used by numerous modelling studies (e.g. Feichter et al., 1991; Liu et al., 2001; Koch et al., 2006) . 210 Pb has a similar geochemical behaviour to 10 Be or 7 Be. After production it quickly attaches to ambient aerosol and undergoes the same transport and deposition. 7 Be has its main source in the stratosphere and a long atmospheric residence time whereas 210 Pb is produced close to surface and removed rapidly, but both are deposited in a similar way. Hence the comparison of both serves to probe the vertical transport predictions of the models. 
Model validation

Surface air concentrations
First we would like to investigate whether the use of a higher model resolution actually improves the model performance in terms of reproducing observations. Our validation is based on 7 Be and 210 Pb due to a larger availability of data. 7 Be is being observed in various monitoring networks worldwide and offers a reasonably well distributed set of data. We use the observations of the Environmental Measurement Laboratory (EML: http://www.nbl.doe.gov/ htm/EML Legacy Website/index.htm) combined with other studies (Al-Azmi et al., 2001; Cannizzaro et al., 2004; Elsässer et al., 2011; Gerasopoulos et al., 2001; Kulan et al., 2006; Pacini et al., 2011; Papastefanou and Ioannidou, 1996) . This way we obtained 109 7 Be and 51 210 Pb observations. The temporal coverage of the observations is not consistent. Most data are long term means but some might only cover a few years. The years observed rarely coincide with each other or the modelled period. The locations of the stations are shown in Fig. 2 . The spatial coverage of the stations is relatively good but still large areas in Asia, most of Africa, eastern Latin America, North Atlantic and the Southern Ocean lack observations. Figure 2 illustrates the 7 Be model predictions and the colour of the dots indicates the observed concentrations. The figure also illustrates the 5-year mean 7 Be concentrations in the lowest model level.
The model successfully reproduces higher observed concentrations at low latitudes and lower concentrations at high latitudes. There is an abundance of observations in Europe and North America, the highest values (5-6 mBq m −3 STP = standard temperature (273.15 K) and pres- There is some discrepancy between model and observations on oceanic islands, as well as in Antarctica. The observations on the islands are often taken at high altitude stations. This is a challenge for the model as the resolution is not sufficient to even resolve the islands, let alone to represent the high altitude (see Fig. 1 ). To account for this, the value at a model level corresponding to the altitude in question is shown later in Fig. 7 . There are large variations between the concentrations observed on the Antarctic coast. The model results are consistent with the lower ones but underestimates the values exceeding 4 mBq m −3 . Generally the observations vary largely in space whereas the model simulates a smooth field with only small changes in the zonal direction. All resolutions produce very similar fields. The main difference found is between the coarse and fine vertical resolutions. The coarser ones produce higher concentrations in the tropics, especially over Himalaya, Middle East, India and the Indian ocean. The few observations in that area suggest that the model has too large a meridional gradient which is reduced in the simulations with a higher horizontal resolution (T63L47 and T63L31) but this should be confirmed by a larger number of observations.
In the case of 210 Pb ( some of the observed high values. In the areas where highest values are modelled (North Africa, Middle East and India) no observations are available. This highlights how it is relatively simple to model a short lived surface tracer. A stratospheric tracer, such as 7 Be, reveals differences between model resolutions and how they capture the vertical transport of atmospheric particles. However, more observations are required to make full use of this test.
Deposition fluxes
To evaluate the model results in reproducing observed deposition fluxes we use all modern 7 Be, 210 Pb and 10 Be fluxes found in the literature. The temporal coverage is often shorter (from a few months to 8 yr) than in the case of surface air concentrations and a much more limited number of observations is available. We simply average over whatever period the observations cover and compare them with the modelled 5-yr mean fluxes. There are 7 Be observations from 37 stations (Baskaran et al., 1993; Bleichrodt, 1978; Brown et al., 1988; Crecelius, 1981; Hasebe et al., 1981; Heikkilä et al., 2008a; Hirose et al., 2004; Huh et al., 2006; Igarashi et al., 1998; Knies, 1994; McNeary and Baskaran, 2003; Olsen et al., 1985; Todd et al., 1989; Turekian et al., 1983; Uematsu et al., 1994; Young and Silker, 1980) , 210 Pb from 71 stations (Baskaran et al., 1993; Graustein and Turekian, 1986; Huh et al., 2006; Hirose et al., 2004; McNeary and Baskaran, 2003; Nijampurkar and Clausen, 1990; Todd et al., 1989; Turekian et al., 1977 Turekian et al., , 1983 and 10 Be from 21 stations (Chengde et al., 1992; Graham et al., 2003; Heikkilä et al., 2008a; Monaghan et al., 1986; Somayulu et al., 1984) . The modelled 5-yr mean deposition fluxes of 7 Be, 10 Be and 210 Pb are shown in Figures 4, 5 and 6, together with the location and measured flux of the observations. A scatter plot of these results with correlation and root mean squared error (RMSE) is presented in Fig. 7 . In areas with a dense coverage of stations (Europe and North America) the observations exhibit large variability. Again, the modelled fields are smoother and do not resolve the effect of mountains or small islands. Deposition fields are largely influenced by precipitation which is orographically increased at high altitudes. Due to this and the higher beryllium content in upper levels higher 10 Be and 7 Be fluxes are observed in mountainous areas (e.g. Heikkilä et al., 2008a; Huh et al., 2006 the Northern Hemisphere and the lower ones in the Southern Hemisphere. The precipitation rate simulated by the different model resolutions also shows relatively little differences. We refer to Hagemann et al. (2006) for a full evaluation of the model performance in reproducing observed precipitation and limit our comments to the precipitation influence on particle deposition. The main difference found between resolutions is the band of high precipitation in the tropical Pacific which is only simulated by the highest resolution model (T63L47, not shown). It is consistent with the increase in 7 Be and 10 Be deposition. Also the 7 Be flux in the subtropical Pacific is increased with the higher vertical resolutions (T63L47 and T42L31) which can partly be seen in the precipitation rate as well. This is less obvious from the 10 Be deposition flux. As there are no stations in those areas we cannot assess which one of the resolutions is performing best.
The model seems to capture the overall magnitude of the observed deposition fluxes (see Figs. 4 and 7) which gives us confidence that the source strength is correct. Comparison with surface air concentrations gives an indication of the scavenging efficiency of aerosol in the model, especially in the case of 7 Be. Although observations at nearby stations fall within a large range which the model is not able to capture the overall magnitude is well reproduced giving confidence that the scavenging efficiency and hence the atmospheric (especially tropospheric) residence time of beryllium isotopes is correct. Generally the differences between the model resolutions are smaller than the spread of observations from nearby areas. More observations with a denser spatial coverage are required to evaluate the performance of the different model resolutions. Another useful test would be to increase the model resolution (e.g. employing regional models) to see whether such a model reproduces the large spatial variability of the observations.
In order to quantify these findings a scatter plot of observed versus modelled values of 7 Be and 210 Pb surface air concentrations and deposition fluxes are shown in Fig. 7 , together with correlation coefficients and root-mean-squared errors ("RMSE"). Due to the limited number of 10 Be observations it is not shown in the scatter plot, but the results were similar to 7 Be and 210 Pb. If the altitude of the observation was high, concentration from a corresponding model layer was used instead of the surface value for this analysis. Obviously the differences between tracers are much more significant than differences between model resolutions. Both 7 Be concentration (0.2-0.3) and deposition flux (0.3-0.4) exhibit low spatial correlation between model and observation, reflecting the difficulty in capturing the large spread in observed values. The distinctive source distribution (land/sea), the short lifetime and distance from source of 210 Pb is reflected by the much better spatial correlation (0.6-0.7) than in the case of 7 Be (0.2-0.4). The correlation of 210 Pb concentrations is slightly better than that of deposition flux, but the RMSE is slightly greater. This suggests a more accurate spatial distribution of concentrations, although the actual departures from observations are slightly larger than in deposition flux. The situation is opposite in case of 7 Be. Spatial correlation is lower for concentrations, and RMSE larger than in the case of deposition flux. In terms of RMSE the model performs better simulating 7 Be than 210 Pb deposition, and the RMSE for concentrations is similar. The differences between resolutions are fairly small. There is a tendency of T42L39 to perform slightly worse than other resolutions, confirming the importance of a high vertical resolution.
Budgets and residence times
Model resolution is likely to influence the horizontal and vertical dispersion of 10 Be in the atmosphere and consequently the level of smoothing the large 10 Be production gradients in the stratosphere. This is best inspected by looking at atmospheric burdens (total integrated contents) of 10 Be and its stratospheric and tropospheric residence times. The residence times are averages for each atmospheric compartment, calculated by dividing the burden with the flux. These are summarised in Table 2 . We see that there are significant differences in the absolute fluxes between the resolutions but the relative shares of production between the stratosphere and the troposphere as well as the wet to total deposition are relatively stable. The difference in absolute production rate between resolutions is caused by the relatively coarse horizontal and vertical resolution of the original source function by Masarik and Beer (2009) . We applied spline interpolation to avoid stepwise changes in the source.
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Production ( The main difference is found to be due to vertical rather than to horizontal resolution. T42L39 and T21L19 with coarser vertical resolution predict a shorter stratospheric residence time for 10 Be by up to a month. The typical lag found between 10 Be deposition and cosmic ray production is in the order of 1 yr (e.g. Pedro et al., 2011) . This is somewhat shorter than the typical age of air in polar stratosphere of 3-5 yr (e.g. Waugh and Hall, 2002) due to the high production of 10 Be there, shortening the mean residence time. The runs with a higher vertical resolution produce a residence time closer to the observed estimate of 1 yr (e.g. Pedro et al., 2011) . There seems to be a clear link between the horizontal resolution and the tropospheric residence time of 10 Be (T63: 18 d, T42: 20 d, T21: 24 d). The differences in the residence times are directly reflected in the stratospheric and tropospheric burdens. The coarse vertical resolution decreases the stratospheric residence time (T42L39 and T21L19), probably due to vertical diffusion. On the other hand, both middle atmosphere resolutions (T63L47, fine and T42L39, coarse) have a reduced stratospheric burden suggesting that stratosphere-troposphere exchange is more efficient in the middle atmosphere versions. This can be seen in Fig. 8 : the stratospheric burdens of 10 Be are lower in the middle atmospheric versions (T63L47 and T42L39). The tropospheric burden is more influenced by the horizontal resolution. The highest concentrations at all tropospheric levels are found in the coarsest version (T21L19) and the concentrations decrease with increasing resolution.
In case of 7 Be these differences are dampened by the radioactive decay, especially in the stratosphere. The typical residence time of > 300 days is significantly longer than the half-life of 7 Be (53.2 days) so that any effects of model resolution on stratospheric transport have little effect on its lifetime. In the troposphere the influence of the decay is less important due to the short residence of ca. 20 days. 210 Pb is only produced in the troposphere and is removed rapidly, after 5 days on average. A few of the 210 Pb atoms make it to the stratosphere where they can reside significantly longer than in the troposphere, increasing the relative fraction of stratospheric burden. Figure 9 illustrates the zonal mean column densities of 10 Be atoms (m −2 ) in the stratosphere and the troposphere for all resolutions. The resolutions T21L19, T42L39 and T63L47 are quite similar, whereas the T42L31 and T63L31 resolutions predict more 10 Be in the high latitude stratosphere. The coarse T21L19 smooths most the latitude gradient. Larger changes can be observed in the troposphere. The largest amplitude variation over latitude is produced by the T42L39 resolution whereas the least change between latitudes is found in the T63L31 and T63L47 runs. The 7 Be surface observations (Figs. 2 and 7 ) seem to support a flatter gradient over latitude, yet this result should be interpreted with care due to their inhomogeneous spatial distribution.
Mixing and transport path of 10 Be
Comparison with observations did not reveal significant differences in model performance between resolutions. However, the burdens and residence times indicated that the mixing of the 10 Be production gradient in the stratosphere is influenced by the model resolution. Here we make use of the divided production of 10 Be in the 30-degree bands in the stratosphere and the troposphere to study the actual transport path of 10 Be atoms from the stratosphere to the surface. As 10 Be produced in each of the atmospheric compartments was defined as separate tracers, they can be analysed individually. Figure 10 shows zonal mean deposition fluxes divided into the 30-degree bands in the troposphere and the whole stratosphere separately for all resolutions. All resolutions agree that the main contribution to deposition flux is the stratospheric 10 Be, which enters the troposphere at mid-latitudes (30-50 • N or S) where most of it is also deposited. This can be seen by comparing air concentrations and deposition flux of 10 Be from all Atmos. Chem. Phys., 12, 10601-10612, 2012 www.atmos-chem-phys.net/12/10601/2012/ stratospheric compartments which all peak at mid-latitudes near the tropopause region. There is a secondary peak in the NH tropics due to the maximum precipitation rate there. 10 Be produced in the tropospheric polar latitudes (60-90 • ) is equally deposited between 40 • and 90 • . Due to the minimum tropopause height over polar regions and the smallest surface area the contribution of 10 Be produced in polar troposphere to total deposition is the lowest. The contributions of the mid-latitude and tropical tropospheric 10 Be are similar. The mid-latitude tropospheric 10 Be is mostly deposited locally but reaches over the full hemisphere. The tropical 10 Be is spread over latitudes from 0 to 50 • . Only a small part of it (ca. 5 %) is transported to the opposite hemisphere.
The differences between the five model runs in the troposphere are small, only the fluxes from the T21L19 being slightly lower at low and mid-latitudes. In the stratosphere the differences become remarkable. The results from the T42L31 and T42L39 are similar except for the slightly lower values from the T42L39 in the tropics due to the higher stratospheric contribution there. In the T21L19 run the signal is spread over latitudes from 50 • S to 50 • N with the tropical peak nearly as large as the midlatitude peaks. The T63L47 and T63L31 runs produce the opposite behaviour with the mid-latitude peaks being a factor of 3 larger than the tropical peaks. The results from the T42L31 and T42L39 runs are close to those of the T63L47/T63L31 runs but their horizontal spread at high latitudes is reduced. The horizontal diffusion in the results from the T21L19 is probably overestimated smearing out the 10 Be gradients in the mid-and low latitudes. This is in agreement with previous findings by Aghedo et al. (2010) who found weaker meridional transport at coarse resolutions, allowing for more diffusion towards low latitudes. Figure 11 shows the stratospheric 10 Be divided into the 30-degree bands. The tropospheric fluxes are also shown for comparison. All resolutions agree that the stratospheric 10 Be, from all latitudes, is transported into the troposphere via the latitudes 30-50 • N or S. The stratospheric polar 10 Be which is most strongly modulated by solar activity contributes to a smaller fraction of total deposition than the stratospheric mid-latitude production. This is due to the very small surface area of the Earth poleward of 60 • . Comparing the deposition from 60-90 • stratosphere with that from 60-90 • troposphere we see that the stratospheric part is larger at all latitudes, except polewards from 80 • where the fractions are equally large. At midlatitudes the stratospheric part always dominates. The tropical 10 Be flux is dominated by the tropospheric part. The smearing of the stratospheric 10 Be signal towards low latitudes by T21L19 is visible at all source latitudes. The comparison with air concentrations of stratospheric 10 Be near the tropopause, which also peak at midlatitudes, suggests that the smearing takes place in the troposphere after the 10 Be has been transported from the stratosphere. Percentages of 10 Be deposited at a given latitude ('Deposition region' shown in the legend) which were produced at the tropospheric latitudes indicated on the x-axis ('Production region'). Also shown is stratospheric (STR) production, averaged across all latitudes. The five bars at each latitude band show the model resolutions "T63L47", "T42L39", "T42L31", "T21L19" as well as the "T42L39old", published in Heikkilä et al. (2009) , respectively. Fig. 12 . Percentages of 10 Be deposited at a given latitude ('Deposition region' shown in the legend) which were produced at the tropospheric latitudes indicated on the x-axis ('Production region'). Also shown is stratospheric (STR) production, averaged across all latitudes. The five bars at each latitude band show the model resolutions "T63L47", "T42L39", "T42L31", "T21L19" as well as the "T42L39old", published in Heikkilä et al. (2009) , respectively. ECHAM5 model has been reported by Aghedo et al. (2010) who found that meridional transport was decreased at coarse resolution, leading to increased concentrations of surface tracers in the tropics.
The exact "fate" of 10 Be produced at a given latitude is illustrated in Fig. 12 , adapted from Fig. 8 of Heikkilä et al. (2009) . The x-axis shows the origin of 10 Be, i.e. at which tropospheric latitude (60-90, 30-60, 0-30 • N or S) or (the entire) stratosphere it was produced. The colours indicate the latitude where the 10 Be is deposited. The y-axis shows the percentage of 10 Be produced at the latitude (given by the x-axis) which is deposited at a given latitude band (legend). The fractions of deposition were calculated weighted with the area of the Earth within each latitude band. The five bars show the model resolutions "T63L31", "T63L47", "T42L39", "T42L31" and "T21L19". Additionally the original results presented in Heikkilä et al. (2009) are also shown ("T42L39old"). Note that for the previous results an older version of the ECHAM5-HAM model was used, the production calculations were based on Masarik and Beer (1999) and not the updated ones by Masarik and Beer (2009) , the years simulated were 1986-1990 instead of the 1998-2002 and the simulations were performed on a NEC SX-6 cluster whereas a SUN cluster was used for the current simulations. None of these differences is expected to be large but their combination might cause changes in results. There are rather small differences between the resolutions in 10 Be produced at low and mid-latitudes as well as the stratosphere. The main difference occurs at polar tropospheric 10 Be. The coarsest resolution investigated in this study, T21L19, is actually closest to the previous results. Notably the fraction of locally deposited 10 Be is increased, being the largest with the finest resolution (T63L47). The mid-latitude fractions are similar but the tropical part is consequently reduced. This shows that in the finest resolution the horizontal dispersion of 10 Be is the most limited. The difference between the polar tropospheric 10 Be in the "old" and the "new" T42L39 is approximately 10 % (north) and 5 % (south). It has to be kept in mind that the polar tropospheric production only contributes some 4 % to total production. A similar pattern, although less pronounced can be seen at mid-and low latitudes as well. The "old" and "new" results vary less with the stratospheric 10 Be which is the main component of the total deposition. The highest resolution (T63L47) deposits the most of stratospheric 10 Be at mid-latitudes, more in the polar regions and less at low latitudes than other resolutions.
These results suggest that there is remarkable variability between model resolutions but also between the realisations of model experiments. It helps us to get a grip of the uncertainty and to what extent the results can be interpreted. All models agree that the stratospheric fraction is the dominant one in deposition flux and that its main transport path into the troposphere is via the latitudes 30 • to 50 • . The largest variability was found in the 10 Be produced in the polar troposphere likely due to the fact that it is the smallest fraction in absolute numbers. The finest model resolution suggests the least horizontal dispersion over latitudes in this study. This seems to be a typical feature of the ECHAM model. Model inter-comparison of the total aerosol load showed that horizontal dispersion by ECHAM indeed belongs to the lower end of the range (Textor et al., 2006) . This behaviour by the ECHAM is even strengthened by the use of a higher resolution which can be assumed to improve the model performance. Unfortunately these results cannot be validated with observations.
Summary and conclusions
This study addressed the question to what extent the atmospheric transport of the solar proxy 10 Be is model resolution dependent. Understanding the level of mixing of 10 Be characterised by the strong latitude and altitude gradients in its production rate is essential in order to correctly interpret the observed variability in natural archives. While the different model resolutions are capable of reproducing the magnitude of the observations the number of observations is too limited to explicitly rate model performance. In this study we compare model simulations run on different horizontal and vertical resolutions, with or without middle atmosphere configurations. The resolutions used were the T63L47, with a fine horizontal and fine vertical resolution, including the middle atmosphere up to ca. 80 km, the T63L31, a fine horizontal and vertical resolution, only including the lower stratosphere up to ca. 30 km, the T42L39, the commonly used resolution for 10 Be studies with ECHAM5-HAM with an average horizontal and coarse vertical resolution including the middle atmosphere, the T42L31, including the lower stratosphere up to ca. 30 km but with a fine vertical resolution, and the T21L19, a coarse horizontal and vertical resolution up to ca. 30 km. The years analysed were 1998-2002.
The model runs were first validated against a set of observed 7 Be and 210 Pb surface air concentration and 7 Be, 210 Pb and 10 Be deposition fluxes. All resolutions used produced comparable values with observations. The spatial coverage of observations is limited and the spread between observations located near each other was much larger than between model resolutions. The fine horizontal and vertical resolution run (T63L47) produced the flattest meridional gradient in 7 Be air concentrations. The observations point to a weaker meridional gradient but it might only be the case at the locations where observations exist. However, this remains to be confirmed when more observations are available.
The production rate of 10 Be was divided into 30-degree latitude bands for these simulations in order to assess the actual mixing and transport path of 10 Be produced in different atmospheric compartments. All model resolutions agreed that the main contributor to deposition is the stratospheric 10 Be input, which enters the troposphere at latitudes 30-50 • N and S. Significant differences were found in the dispersion of 10 Be in the troposphere before deposition. The coarse model resolution T21L19 produced the most horizontal dispersion whereas the fine T63L47 showed the least. The tropospheric residence time by the T21L19 was also longer (24 days instead of the 18 days by T63L47). The residence times in the stratosphere were significantly longer by the fine vertical resolution runs, even with the one not including the middle atmosphere. Despite of these differences the global budgets, fractions of wet and dry deposition of total and stratospheric to tropospheric production were similar in all runs.
Relatively large differences were found between model configurations in the percentages of the origin (produced in Atmos. Chem. Phys., 12, 10601-10612, 2012 www.atmos-chem-phys.net/12/10601/2012/ the 30-degree latitude compartments of the stratosphere or the troposphere) of 10 Be deposition flux. This is due to different degree of atmospheric mixing simulated by the five model resolutions. The fine resolution models produced a larger fraction of local tropospheric deposition at polar latitudes than the coarse ones. However, the 10 Be production in the polar troposphere contributes the least (ca. 4%) to total production and therefore does not significantly affect production variability. The contributions of 10 Be production from stratospheric or tropospheric mid-or low latitude compartments to deposition differed less across different model configurations. Here the differences arose from the horizontal resolution. When looking at the distributions of surface air concentrations or deposition fluxes the main differences were caused by the vertical resolution. In terms of atmospheric mixing of 10 Be there seemed to be little difference between the T63L47 and T63L31, or the T42L39 and T42L31 resolutions. The use of the finer vertical resolution may be more beneficial than the middle atmosphere configuration at the cost of vertical resolution, as no significant improvement of surface air concentrations, stratospheric residence time, horizontal or vertical mixing was found when the middle atmosphere version was used.
